The sound speed in biological tissues provides important diagnostic and treatment planning information. Conventional methods of sound-speed determination generally require that transducers make physical contact with specimens in order to measure thickness and travel time in the time domain. The physical contact may cause deformation and affect blood flow and the measurement of travel time in the time domain may be sensitive to waveform distortion due to tissue inhomogeneity and surface roughness. A method for determination of the sound speed is proposed in which the sound travel time in the sample and the difference in total travel time from the transducer to the rigid reflector due to the presence of the sample are estimated in the frequency domain and which does not require physical contact of ultrasonic probes to living or freshly excised tissue specimens. Ultrasonic speed measurements in silicone rubber and acrylic resin specimens verified the method validity. The standard deviation of the measurements over a 10-X 10-mm area is less than 4 m/s. Sound-speed distribution measurements of porcine muscle are in agreement with previously published results.
INTRODUCTION
The spatial distribution of sound speed is an important acoustic parameter for quantitative characterization of living tissues because it is fundamentally associated with the medium scattering behavior, and is therefore the interaction mostly observed in clincial diagnosis, and because it affects all other ultrasonic parameters (Dunn et al., 1969) . Conventional techniques for measuring sound speed require knowledge of the thickness of the tissue speciment and of the travel time of the sound traversing the tissue (Dunn and Goss, 1986}. The mechanical contact required in making the thickness measurement causes tissue deformation and affects the blood flow of living tissue, making it difficult to determine the sound speed in tissues with high precision (Goss et al., 1978 . Also, measurement of the travel time in the time domain is further complicated by waveform distortion due to the inhomogeneity of tissue and to roughness of the interface, which reduces the accuracy of the estimate.
In this paper, a new noncontact method for measuring the sound-speed distribution in tissues is proposed. Herein, both the reflected ultrasonic wave from the tissue specimen, placed in water, and the reflected signals passing through the propagation medium of known sound speed are analyzed in the frequency domain, viz., the travel time through the tissue and the travel time difference due to the placement of the specimen on an agar stage are estimated. The sound speed in the specimen is then determined without mechanical contact to the specimen, and thus without effect upon the thickness of the specimen. A description of the principle of this meth- 
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is shown in Fig. 3 (d) . This relation is well known and can be used to measure phase velocity (Sachse et al., 1978) . Eliminating the effect of multipath propagation in inhomogeneous tissue, At is estimated as a gradient of the regression line through zero by the least-square method over the transducer's bandwidth using Eq. (15). The trai, el time tsa and the time difference At are estimated in the frequency domain.
II. EXPERIMENTAL
RESULTS
The sound speeds of materials of known properties with thicknesses of several millimeters were measured by this method in order to evaluate the technique. Silicone rubber (Shinetsu silicone KE108) and acrylic resin samples were placed in a water tank 28 cm long, 28 cm wide, and 21 cm deep. Water at 25.1 d-0.1 *C was used as the bath (coupling) medium. An ultrasound pulse was transmitted from the transducer to the sample and a brass reflector, beyond the sample. The reflected wave was received by same transducer. The received signal was captured by a Hewlett Packard 5180 waveform recorder at a 20-MHz sampling rate and transferred, via an HP-IB interface, to a computer for the time difference determination. The transducer used had a 3.5-MHz center frequency, was 13 mm in diameter, and had a 50-mm focal length. The --3-dB signal bandwidth was 2 MHz (2.5 to 4.5 MHz). The trigger clock for the pulser was generated by dividing the 20-MHz sampling rate of the waveform recorder for completely synchronized operation.
The sound speed of the liquid medium was determined by moving the transducer known distances, with accuracy __ 5/tin, and estimating the time differences by analyzing the wave reflected from the brass reflector, in the frequency domain. Figure 5 The temperature dependence of sound speed of silicone rubber was determined for 4-mm-thick specimens and shown in Fig. 6 . The deviation of the sound-speed measurements is less than 4 m/s. The dotted line is a regression line obtained by the least-squares method.
In the measurements of the acrylic resin and silicone rubber samples, the estimated maximum errors of time dif- Arguments ofF52 and F•, take 2•rjumps since the argument is in the range + •r to --•r. But it is normally easy to follow because tissues have a sound speed relatively close to that of water. In the case of very dispersive tissues or inhomogeneous tissues in which sound propagates along many paths, the slope of the phase may not be straight, so it may not be easy to trace the phase.
The estimation of tsa also utilizes all the information contained in the waveform, by the analysis of the received signal in the frequency domain, estimation results are largely independent of waveform distortion due to the roughness of surface and internal structure, allowing the sound-speed distribution in thin specimens to be determined. Since estimation of travel time in the frequency domain is carried out using FFT's, the sound-speed distribution can be determined in nearly real-time.
The basic principle of sound-speed estimation in the frequency domain is based on the assumption of plane-wave propagation. However, the experiments reported here were carried out using very weakly focused waves, suggesting that errors so introduced are usually negligible.
